A Molecular Framework for Temperature-Dependent Gating of Ion Channels  by Chowdhury, Sandipan et al.
A Molecular Framework
for Temperature-Dependent Gating
of Ion Channels
Sandipan Chowdhury,1,2,3,5 Brian W. Jarecki,2,3,4 and Baron Chanda1,2,*
1Graduate Program in Biophysics
2Department of Neuroscience
1111 Highland Ave, School of Medicine and Public Health, University of Wisconsin, Madison, Madison, WI 53705, USA
3Co-first author
4Present address: Cellular Dynamics International, 525 Science Drive, Madison, WI 53711, USA
5Present address: Vollum Institute, Oregon Health and Science University, Portland, OR 97239, USA
*Correspondence: chanda@wisc.edu
http://dx.doi.org/10.1016/j.cell.2014.07.026SUMMARY
Perception of heat or cold in higher organisms is
mediated by specialized ion channels whose gating
is exquisitely sensitive to temperature. The physico-
chemical underpinnings of this temperature-sensi-
tive gating have proven difficult to parse. Here, we
took a bottom-up protein design approach and ratio-
nally engineered ion channels to activate in response
to thermal stimuli. By varying amino acid polarities
at sites undergoing state-dependent changes in
solvation, we were able to systematically confer
temperature sensitivity to a canonical voltage-gated
ion channel. Our results imply that the specific heat
capacity change during channel gating is a major
determinant of thermosensitive gating. We also
show that reduction of gating charges amplifies
temperature sensitivity of designer channels, which
accounts for low-voltage sensitivity in all known tem-
perature-gated ion channels. These emerging princi-
ples suggest a plausible molecular mechanism for
temperature-dependent gating that reconcile how
ion channels with an overall conserved transmem-
brane architecture may exhibit a wide range of tem-
perature-sensing phenotypes.INTRODUCTION
The ability to sense and respond to thermal stimuli is essential
for an organism’s survival. Not surprisingly, adaptive evolution
has led to the emergence of specialized temperature-sensing
mechanisms enabling organisms to rapidly detect noxious tem-
perature stimuli. In higher organisms, this role is performed by
members of a specialized family of ion channels—the TRP chan-
nels (Clapham, 2003; Patapoutian et al., 2003). Members of
this family of membrane proteins enable ions to flux across the1148 Cell 158, 1148–1158, August 28, 2014 ª2014 Elsevier Inc.membrane when stimulated by changes in temperature (Ca-
terina et al., 1997; McKemy et al., 2002; Peier et al., 2002; Story
et al., 2003). Recently, the calcium-activated chloride channel, a
member of the TMEM 16 family of ion channels, has been shown
to be involved in heat sensitivity and possibly nociception (Cho
et al., 2012). Several other ion channels, such as HV (DeCoursey
and Cherny, 1998), hERG (Vandenberg et al., 2006), K2P (Main-
gret et al., 2000), and ClC (Pusch et al., 1997), are known to be
strongly modulated by changes in temperature. Moreover,
several pathological mutations in the voltage-gated sodium
channels (NaV) have been identified, which enhance the temper-
ature dependence of the NaV channel activity (Dib-Hajj et al.,
2008). Thus, it raises an important question—is there a general
mechanism that underlies temperature-dependent gating of
channels?
TRP channels have become model systems for studying tem-
perature gating in part due to their biological role in detecting
thermal stimuli and unusually high-temperature sensitivity. Ap-
proaches such as high-throughput mutagenesis (Grandl et al.,
2008; Grandl et al., 2010), chimeragenesis (Brauchi et al.,
2006; Cordero-Morales et al., 2011; Yang et al., 2010; Yao
et al., 2011), and deletion studies (Cui et al., 2012; Vlachova´
et al., 2003) have been combined with functional measurements
to identify parts of the protein that are involved in temperature-
dependent gating. These studies, however, cannot discriminate
between effects on the temperature sensor itself versus those on
downstream elements involved in coupling putative thermosen-
sors to the pore. In voltage-sensing or ligand-gated processes, it
is possible to unequivocally determine the molecular nature of
these sensors by observing gating charge movement or ligand
binding directly. In contrast, the formidable technical challenge
of calorimetrically measuring the heat associated with channel
gating has seriously impaired the search of a physiological tem-
perature-sensing domain. While it has been suggested that tem-
perature-dependent gating in heat- and cold-sensing channels
involves large-scale rearrangements in a specialized domain
(Brauchi et al., 2004; Yang et al., 2010; Yao et al., 2010, 2011),
to date no consensus domain or motif has emerged as a candi-
date. Strikingly, TRPA1 in pit-bearing snakes is a heat-sensitive
channel (Gracheva et al., 2010), whereas the rat ortholog is a
cold-sensitive channel (Story et al., 2003), implying that small
changes in primary structure may underlie differences in temper-
ature sensitivity (Chen et al., 2013). Clapham and Miller (2011)
have recently suggested that if specific heat capacity is taken
into account, then it would be possible to generate a variety of
temperature-sensitive phenotype without necessarily invoking
a specialized modular thermal sensor (Cao et al., 2013; Liao
et al., 2013; Long et al., 2007).
In structural biology, rational design serves as the benchmark
for understanding the physical principles of protein folding and
function. We hypothesize that a similar design approach may
help illuminate the general molecular principles of temperature-
dependent gating. Here, we redesigned a canonical voltage-
gated ion channel, whose overall architecture is similar to TRP
channel, into channels that are either gated by heat or cold. Our
bottom-up design approach is based on the paradigm that solva-
tion and desolvation of amino acids is associated with distinct
changes in specific heat capacity (Privalov and Makhatadze,
1990). By systematically varying the polarity of residues that are
likely toundergochanges in solvent accessibility during thegating
process, we were able to control the temperature sensitivity of
channel gating. In addition, we illustrate how the principle of
thermodynamic coupling amplifies temperature sensitivity when
voltage-sensing gating charges are reduced. Together, our find-
ings establish a molecular mechanism to understand how ion
channels with similar overall form can sense heat and cold.
RESULTS
The Design Principle
A central characteristic of temperature modulated ion channels
is that upon changing the temperature, their relative open-prob-
ability versus voltage (POV) relationships shift along the voltage
axis. For heat sensing channels, such as TRPV1, the POV curves
shift left when the temperature is increased (Voets et al., 2004),
reflecting that channel opening is energetically facilitated at
elevated temperatures (Figure 1A, top). Conversely, for cold-
sensing channels, such as TRPM8 (Figure 1A, bottom), increase
in temperature makes it harder for the channels to open and
causes rightward shifts in their POV curves (Brauchi et al.,
2004; Voets et al., 2004). Protein folding studies show that expo-
sure of the hydrophobic core of the protein to the aqueousmedia
results in organization of water molecules in the first solvation
shells (Makhatadze and Privalov, 1993; Privalov and Makha-
tadze, 1993; Schellman et al., 1981). This process is also associ-
ated with changes in specific heat capacity (Baldwin, 1986;
Privalov and Gill, 1988), which is what ultimately shapes the
free-energy change versus temperature (DG versus T) profile of
the folding/unfolding process. As shown in Figure 1B, nonzero
‘‘change in specific heat capacity’’ (DCP) of any arbitrary process
results in theDG versus T profile becoming curved (Clapham and
Miller, 2011). The sign of DCP determines whether the profile is
convex shaped or concave shaped, while its absolute value de-
termines the degree of curvature (Figures S1A and S1B available
online). Calorimetric studies show that solvation of hydrophobic
residues is associated with a positive DCP, while that of polar/
charged residues is associated with a negative DCP (Makha-tadze et al., 1990; Makhatadze and Privalov, 1990, 1994). This
key observation formed the basis of our heuristic approach to
design a temperature modulated ion channel.
The Shaker KV channel has served as an exemplar ion chan-
nel, whose voltage-dependent gating has been extensively stud-
ied using electrophysiological (Schoppa and Sigworth, 1998;
Zagotta et al., 1994), spectroscopic (Pathak et al., 2007), and
biochemical (Ahern and Horn, 2005; Xu et al., 2013) techniques.
Of primary interest to uswas the fact that its gating is only slightly
modulated by change in temperature (Rodrı´guez and Bezanilla,
1996; Rodrı´guez et al., 1998). Upon lowering the temperature
from 28C to 8C, the kinetics of activation and deactivation of
its ionic currents is modestly decelerated (Figures S1C and
S1B), its POV curve is right shifted by less than 5 mV, and there
is a slight reduction in its steepness (Figure 1C). The relative
insensitivity of the POV curve of the Shaker KV channel comple-
mented with the availability of wealth of structural (Butterwick
and MacKinnon, 2010; Long et al., 2007) and functional (Alabi
et al., 2007; Bosmans et al., 2008; Lu et al., 2002) data made it
an excellent template to test our theories of physical basis of
temperature-dependent gating.
Voltage-dependent conformational changes of the Shaker KV
channel, underlying its transition between closed and open
states, lead to changes in water accessibility in different parts
of the protein (Jensen et al., 2010; Krepkiy et al., 2009; Larsson
et al., 1996; Liu et al., 1997; Starace et al., 1997). We reasoned
that substitution of key residues, in regions that undergo in-
creased solvation when channels open, with hydrophobic resi-
dues will confer a positive DCP to the overall gating process,
while polar residues at similar locations will confer a negative
DCP. Although the individual contributions of polar residues to
negative DCp may not be large, a decrease in the positive
component will also make the net DCp associated with channel
opening negative (see analysis in Supplemental Information).
Such substitutions should thus sensitize voltage-dependent
gating to changes in temperature but the temperature sensing
phenotype (i.e., cold or heat sensing) will depend on the polarity
of perturbation. Conversely, perturbations at sites that undergo
desolvation during channel opening, should also sensitize to
temperature, although hydrophobic and polar substitutions will
now have an opposite impact on DCP.
We chose to target sites within the voltage-sensing domain
(VSD) of the Shaker KV channel and perturb them to design
a temperature-sensitive KV channel. Our choice of the VSD
over the pore domain was prompted by two factors. First,
accessibility studies of thiol-modifying reagents and protons to
substituted cysteines and histidines, respectively, in the VSDs,
complemented with computational models of hydrated VSDs,
suggest the presence of water accessible crevices within the
VSD (Figure 1D), which undergo structural reorganization when
the channel opens (Li et al., 2014b; Nguyen and Horn, 2002;
Scho¨nherr et al., 2002; Starace and Bezanilla, 2004). Such pro-
cesses are likely to be associated with changes in accessibility
of residues in the VSD. Second, the VSD in general appears to
be more resilient to perturbations than the pore domain as sug-
gested by earlier studies that have reported that polar perturba-
tions in the pore domain frequently compromises functional
expression of channels (Hackos et al., 2002).Cell 158, 1148–1158, August 28, 2014 ª2014 Elsevier Inc. 1149
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Figure 1. Design Template for Engineering
a Temperature Modulated Ion Channel
(A) Arbitrary relative open probability versus
voltage (POV) curves for a heat-sensing channel
(top) and a cold-sensing channel (bottom) at two
temperatures (red: high temperature, blue: low
temperature). Arrows indicate the shifts in the
curve on heating.
(B) DG versus T profiles simulated using the
equation: DG(T) = DHC + DCP(TTC)  TDCP
ln(T/TC) for two processes, one with a positive DCP
(solid curve, DCP = 3 kcal/(mol.K)) and the
other with a negative DCP (dotted curve, DCP =
3 kcal/(mol.K)) (see also Figure S1). In both
cases, the critical temperature, TC, was 308K
(35C), at which the change in enthalpy, DHC, was
3 kcal/mol. The heat-sensing and cold-sensing
regimes of the curves are indicated by the red and
blue colors, respectively.
(C) Relative POV curve of the wild-type Shaker KV
channel at 28C (red) and8C (blue) (measured from
tail currents) (see also Figure S1). All measurements
reflect mean responses from 4-5 oocytes and error
bars are the standard error of the mean.
(D) A model of a hydrated voltage sensor,
deduced from the crystal structure of the KV1.2/
2.1 paddle chimera (see Extended Experimental
Procedures), showing occupancy of water within
the crevices of the voltage sensor and the sites
that were perturbed in this study. The S4 helix is
shown as a cartoon, while the S1–S3 helices are
shown as ribbons.
(E) Fractional buried surface area of different res-
idues in the transmembrane segments S1–S3
(residues numbered according the 2R9R struc-
ture). The dotted horizontal lines indicate the
cut-off for buried surface areas. The bars are
colored according to the polarity index of the
residue position, deduced from an alignment of
360 KV channel sequences. Residues targeted in
this study are marked with arrows, with the res-
idue numbers corresponding to Shaker KV chan-
nel. The residue marked with an asterisk, while
enriched in polar residues in the alignment, is a
hydrophobic residue in Shaker KV channel and
was not studied here.The specific sites within the VSD to be perturbed in this study
were chosen based on two considerations. We reasoned that
polar sites buried within the proteinaceous core of the VSD are
likely to be the primary determinants of water occupancy in the
voltage-sensing crevices. To identify such sites, using the struc-
ture of the VSD of the KV1.2/2.1 paddle chimera, we computed
the fractional buried surface area of each residue (Figure 1E).
Residues forwhich the buried fractionswere >0.8were classified
as buried residues. Next, using a previously reported alignment
of 360 KV channel sequences (Lee et al., 2009), we computed
the polarity conservation index (PCI) of each of the sites in the
VSD (see Experimental Procedures). PCI of each site reflects
the enrichment of polar/hydrophobic residues at a given site,
based on evolutionary information. For each site, PCI > 1 reflects
a strong enrichment of highly polar/charged residues, PCI be-
tween 0.3 and 1 reflects an enrichment of polar residues, while1150 Cell 158, 1148–1158, August 28, 2014 ª2014 Elsevier Inc.PCI < 0.3 suggests an enrichment of highly hydrophobic resi-
dues. Eight sites located in the S1–S3 segments of the VSD for
which the fractional buried surface area > 0.8 and PCI > 0.3
were selected for experimental analysis (Figures 1D and 1E).
Influence of Residues in S1–S3
The three sites, S240, E293, and Y323, in the S1, S2, and S3 seg-
ments, respectively, were individually mutated to residues of
varying polarity, beginning with a hydrophobic residue (Figures
2A–2C, top) and leading on to more polar residues (Figures
2A–2C, lower). The relative-open probability versus voltage
(POV) relationships of each of the mutants were measured at
two different temperatures, 8C and 28C (Figures 2A–2C, blue
and red curves, respectively, Figure S2). Several of these muta-
tions resulted in significant temperature-dependent shifts in the
POV curves (Table S1). For instance, upon heating (from 8
C to
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Figure 2. Crevice Facing Residues of S1–S3
Segments Sensitize Channel Opening to Tem-
perature
(A–C) Relative open probability versus voltage
curves for different perturbations at sites S240 (A),
E293 (B), and Y323 (C) mutant, deduced from mea-
surements of tail currents at 5 mV voltage intervals
(see also Figure S2). Unless otherwise stated, in all
cases blue curves indicate measurements at 8C,
while red curves indicate measurements at 28C.
The mutation corresponding to each panel is listed in
the top left corner of each panel.
(D) Correlation of temperature-dependent change in
themedian voltage of channel opening (DVM) with the
hydrophobicity of perturbation (H-vH scale of bio-
logical hydrophobicity; Hessa et al., 2005) for sites
S240 (left), E293 (middle), Y323 (right). The color
gradient is used to show the transition from heat
(negative DVM) to cold sensitivity (positive DVM) for
the spectrum of mutations.
(E) Correlation of median voltage of channel opening
(VM) at 28
C, with the hydrophobicity of perturbation
for sites S240 (left), E293 (middle), and Y323 (right).
All measurements reflect mean responses from 3-7
oocytes and error bars are the standard error of the
mean.28C), the E293I mutant results in a20mV rightward shift in the
POV curve (Figure 2B, top), while the Y323I mutant causes a
30mV leftward shift. The change in themedian voltage of chan-
nel opening upon heating (DVM = VM(28
C) VM(8C)) due to theCell 158, 1148–115different perturbations at each of the
three sites are summarized in Figure 2D,
where DVM due to each perturbation is
plotted against the hydrophobicity of the
perturbing residue in accordance with the
biological hydrophobicity scale proposed
by von Heijne and colleagues (Hessa
et al., 2005). We hereafter refer to this as
the H-vH scale.
A strong positive correlation was ob-
served with the Y323 mutants (Figure 2D,
right), which indicates that increasing the
polarity of the site causes the channel to
switch from being heat to cold sensitive.
Furthermore, we also observe that the VM,
at 28C, for the different mutations at this
site is also correlated with polarity (Fig-
ure 2E). Together, these data suggest that
the 323 site undergoes at least partial des-
olvation upon channel activation. A hydro-
phobic residue at such a site would thus
confer a negative DCP to channel gating,
while a polar residue would impart a posi-
tiveDCP. As shown in DG versus T plot (Fig-
ure 1C) channel gating with positive DCP
will render the channel cold sensitive (within
8C to 28C), while a negative DCP will
make activation heat sensitive. In contrastto the extracellular 323 site, we observe that DVM is negatively
correlated with changes in polarity at the intracellular 293 posi-
tion (Figure 2D center) and so is VM at 28
C except for Gln sub-
stitution. This scenario can be explained if channel activation8, August 28, 2014 ª2014 Elsevier Inc. 1151
causes increased solvation of the site such that Ile substitution is
associated with positive DCp and His/Gln substitution has a
negative DCp.
For the S240 site (Figure 2D, left), although VM is correlated
with polarity, DVM is not. This could arise in instances wherein
the site undergoes a change in polarity of the environment but
its solvation status does not change. Other sites in the VSD,
S233 (in S1); E283 (in S2); N313, D316, and T326 (all in S3),
when mutated either did not yield functional channels (Table
S1) or their POV curves were virtually temperature independent
(Figure S2E). Interestingly, hydrophobic mutations at sites
(S240, Y323, and T326) in the external crevice of the VSD, render
channel opening (at 28C) more favorable relative to polar muta-
tions (Figure S2H). Conversely, for the sites in the internal crevice
(S233, E293, and N313), hydrophobic mutations make channel
opening (at 28C) less favorable, relative to polar mutations (Fig-
ure S2I). This position dependence of perturbations suggests
that there are complementary changes in solvation of internal
and external water-filled crevices of the VSD during channel acti-
vation. These findings are consistent with the prevailing notion
that the outward S4 movement relative to the S1–S3 segments
upon depolarization increases the volume of the internal water
accessible compartment, while concomitantly decreasing that
of the outside facing crevice (Li et al., 2014a; Li et al., 2014b).
Influence of Hydrophobic Residues in S4
Structure-function studies reveal that the hydrophobic residues
between the principal gating charges on the S4 segment
become exposed to a more polar environment when the chan-
nel activates (Xu et al., 2010; Xu et al., 2013). Such state-depen-
dent changes in polarity at these sites make them suitable can-
didates to test for temperature dependence. We created three
hextuplet mutants, where the six uncharged residues between
the gating charges were all mutated to Ile, Met, or Ala. Measure-
ments of the POV curves for each of these mutants (Figure 3A)
showed that decreasing the hydrophobicity of the perturbation
left shifts the POV curves of the channel (at 28
C) and concom-
itantly renders the channel more heat sensitive (Figure S3A and
Table S1). Next, we generated three quadruplet mutants, where
four uncharged residues between the first and third gating
charge (R362 and R368, respectively) were all mutated to Ile,
Met, or Ala. The POV curves of these three mutants (Figure 3B)
follow the overall trend of the heat sensitivities of the hextuplets,
with the Ala mutant exhibiting the most left shifted PoV curve (at
28C) and the largest heat sensitivity (28 mV) (Figure S3B).
These observations imply that upon channel activation there
is an increase in average solvation of these sites. However, un-
like the 323 and 293 sites, there is no switch in temperature
sensitivity across the spectrum of perturbations. These obser-
vations can be reconciled with our original hypothesis if we
consider that the perturbations are not only introducing new
DCp components but in some cases they can also subtract
pre-existing DCp components associated with channel gating
(see Extended Discussion and Extended Experimental Proce-
dures and Figure S1).
To test the position dependence of the hydrophobic residues
in S4, we mutated each intervening pair to create three sets of
doublets (X2Top, X2Mid, and X2Bot). Perturbations were made1152 Cell 158, 1148–1158, August 28, 2014 ª2014 Elsevier Inc.to four different amino acids, namely, Ile, Met, Ala, Ser, and in
each of the 12 cases wemeasured theDVM due a change in tem-
perature from 8C to 28C (Figures S3C–S3K and Table S1). For
the middle doublets, although the temperature-dependent shifts
of the POV curves are not polarity correlated, the VM values (at
28C) for different perturbations decrease as the polarity of these
middle doublets increase (Figures 3C and 3D, center). This se-
lective effect of the perturbations on VM suggests that themiddle
doublets behave as the S240 site (Figures 2D and 2E, left). For
the top and bottom doublets,DVM exhibits a negative correlation
with the polarity of perturbation although the VM does not appear
correlated (Figure 3C, left and right). VM is governed by both
changes in solvation status as well as interactions with other
parts of the protein and lipids. Although polarity correlated
temperature dependence of activation suggests that these
sites are undergoing changes in solvation, other protein-protein
or protein-lipid interactions are primary determinants of the
set point for channel opening (Smith-Maxwell et al., 1998; Xu
et al., 2013). These experiments also highlight that relatively
few perturbations can result in large temperature-dependent
shifts in the POV curves (Figures 3E and S3), as seen with the
S2Bot mutant (Figure 3E, right) for which a 20C change in tem-
perature results in 75 mV shift in the POV curves (Table S1).
Enhancement of Temperature Sensitivity
Since temperature-dependent change in DG of channel gating is
directly proportional to DCP, we asked whether the temperature
sensitivity of our mutants can be further raised by combining
them since DCP values should be additive. A combination of
two heat-sensitive mutants, Y323I and S2Mid, results in a chan-
nel whose POV curve is dramatically left shifted (56 mV) upon
heating (Figure 4A and Table S1). We observed a similar large
temperature-dependent shift when we generate a second com-
bination mutant by combining the perturbations Y323I and M6
(the S4 hextuplet Met mutant, Figure 2B). The temperature-
dependent shift for the resultant mutant was so large that we
were unable to reliablymeasure the full POV curve at 8
C. Current
measurements at 28C and 15C (Figure 4B) show that
increasing the temperature shifts the POV leftward by 35 mV.
Thus, both combination mutants show much larger temperature
sensitivity than the individual mutants, which is expected if DCP
influences the slope of the DG versus T plots.
A hallmark of temperature-dependent channels is that change
in temperature drastically alters themagnitude of ion flux through
the channel. To gauge the extent of temperature sensitization of
our engineered channels, we performed temperature ramp ex-
periments. For the wild-type channel, a 20C decrease in tem-
perature causes 2.2-fold reduction in outward currents (at
20 mV) in all likelihood due to the change in single-channel
conductance. In comparison, S2Bot (i.e., V369S/F370S) and
Y323I/M6, the same change in temperature led to a 30- and
36-fold reduction in the current, respectively (Figures 4C
and 4D). A semilogarithmic plot of the fraction of current at
each temperature (relative to current at 28C) versus inverse of
temperature, for each of the two mutants (Figures 4C and 4D)
shows steep temperature dependence in both cases. In the tem-
perature range of 10C–14C, Q10 value of the outward currents
elicited by the 100 ms depolarizing pulses at20 mV is 18.3 and
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Figure 3. Noncharged Residues in S4
Segment Modulate Temperature Sensitivity
(A) Relative POV curves, at two temperatures
(28C, red, and 8C, blue) for hextuplet mutations
in the S4 segment where six residues are simul-
taneously mutated to Ile (left), Met (middle), or Ala
(right).
(B) Relative POV curves, at two temperatures
(28C, red, and 8C, blue) for quadruplet muta-
tions in the S4 segment where four residues are
simultaneously mutated to Ile (left), Met (middle),
or Ala (right).
(C) Correlation of temperature-dependent change
in the median voltage of channel opening (DVM)
with the hydrophobicity of perturbations for the
top (left), middle (middle) and bottom (right)
doublet mutations (see also Figure S3). The color
gradient is used to show the transition from heat
(negative DVM) to cold sensitivity (positive DVM) for
the spectrum of mutations.
(D) Correlation of median voltage of channel
opening (VM) at 28
C with the hydrophobicity of
perturbations for the top (left), middle (middle) and
bottom (right) doublet mutations.
(E) Relative POV curves at two temperatures (28
C,
red and 8C, blue) for doublet Ser mutations. All
measurements reflect mean responses from 3-7
oocytes and error bars are the standard error of
the mean.15.5 for the S2Bot and Y323I/M6 mutants, respectively. These
Q10 values are much larger than that of the WT Shaker and are
comparable to those reported for thermoTRPs (Clapham and
Miller, 2011). These findings engender the view that modest
structural changes in critical parts of a channel undergoing
state-dependent changes in solvation may underlie the temper-
ature responsiveness of the channel (Clapham and Miller, 2011).
Role of Gating Charges in Temperature Modulation
Temperature-dependent shift in the midpoint of activation
curves, DVM, is governed by the ratio f(DS, DCP)/z, whereCell 158, 1148–1158,‘‘f(DS, DCP)’’ is a function of the change
in entropy and/or heat capacity change
of channel gating and ‘‘z’’ is its apparent
voltage sensitivity(Latorre et al., 2007;
Rodrı´guez and Bezanilla, 1996; Rodrı´-
guez et al., 1998; Voets et al., 2004).
Thus, if the voltage-sensing charges are
neutralized, there will be a reduction in
‘‘z’’ and the sensitivity of the channel
to changes in temperature will be
enhanced. To test this principle, we
mutated the four S4 charges (R362,
R365, R368 and R371), to either Ala and
Gln (or Asn for R368). The POV curves of
each of these mutants were virtually
nonresponsive to changes in temperature
(Figure S4 and Figures 5A and 5B) except
for R365A, which shows mild cold sensi-
tivity (10 mV shift). Next, we introduced
the R368N and R371Q mutations in the background of the heat-
sensitive Y323I mutation and recorded their POV curves. Strik-
ingly, both mutants were significantly more heat sensitive than
the Y323I mutant alone (Figures 5C and 5D and Table S1). To
further investigate this charge-dependent enhancement of tem-
perature sensitivity, we combined the R371Q mutant with the
modestly heat-sensitive S2Mid mutant and the modestly cold-
sensitive Y323Q mutant and assessed the temperature-depen-
dent shifts in their POV curves. As in previous instances, the
modestly heat-sensitive mutant was rendered significantly
more heat sensitive by the R371Q neutralization (Figure 5E),August 28, 2014 ª2014 Elsevier Inc. 1153
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Figure 4. Enhancement of Heat Sensitivity by Combining Tempera-
ture-Sensitive Perturbations
(A) Relative POV curves for the mutant Y323I-S2Mid at 28
C and 8C. Hori-
zontal bar plot in the inset shows the temperature-dependent shifts (DVM) of
the mutant (orange), compared with that of Y323I (red) and S2Mid (yellow).
(B) Relative POV curves for the mutant Y323I-M6 at 28
C and 15C. Horizontal
bar plots in the inset show the shifts in the median voltage of activation (DVM)
for Y323I-M6 (orange), Y323I (red), and M6 (yellow). For the Y323I and M6
mutants, the shifts correspond to 20C change in temperature, while for the
Y323I-M6 the orange bar corresponds to a 13C change in temperature (the
unfilled bar corresponds to the shift of the mutant for a 20C change in tem-
perature expected from a linear extrapolation of the experimental result).
(C and D) Semilogarithmic plots of fractional outward current, at 20 mV, at
different temperatures versus inverse of temperature, measured over 28C to
8C, at 1C intervals, for S2Bot (C) and Y323I-M6 (D) compared with that of the
wild-type channel. Shaded region indicates the 10–14C temperature regime
over which the Q10 value was calculated. Using the formula: DH = RT
2lnQ10/10
described by Clapham and Miller (2011), the DH for the two mutants (at
20 mV and room temperature, 20C) are calculated to be 49.9 kcal/mol (for
S2Bot, C) and 48.5 kcal/mol (for Y323I/M6 D). All measurements reflect mean
responses from 3-7 oocytes and error bars are the standard error of the mean.while the modestly cold-sensitive mutant became significantly
more cold sensitive in the background of the R371Q mutant
(Figure 5F).
The magnitude of temperature-dependent shifts in the POV
curves due to the mutations (namely, Y323I, Y323Q and
S2Mid) when introduced in the background of a charge neutral-
izations were plotted against the shifts observed in the wild-type
background (Figure 5G). The plot shows a linear relationship with
a regression slope of2, which implies that in every case single-
charge neutralization (R368N or R371Q) approximately doubles
the temperature-dependent shifts in the POV curves. Such a
charge-dependent effect is in complete agreement with the ther-
modynamic predictions, described in the simulated VM versus
temperature profiles shown in Figure 5H. For two processes
with identical DG versus T profiles, the VM versus T profiles will
be more curved (and/or steep) for the process that has a lower1154 Cell 158, 1148–1158, August 28, 2014 ª2014 Elsevier Inc.voltage sensitivity. As a result, the mutant with a lower voltage
sensitivity will bemuchmore sensitive to changes in temperature
than those with a higher voltage sensitivity. To the best of our
knowledge, these results are the first experimental demonstra-
tion of the inverse relationship between temperature sensitivity
and voltage sensing.
DISCUSSION
Thermodynamic descriptions of temperature-dependent activa-
tion of ion channels based on van’t Hoff analysis shows that the
gating of these channels are associated with large changes in
enthalpy. These large enthalpy values must be compensated
by large changes in entropy to keep the process of channel
gating reversible at physiological temperatures. However, mo-
lecular origins of such large changes in enthalpy and entropy
remain an enigma. Clapham and Miller recently pointed out
(Clapham and Miller, 2011) the importance of specific heat
capacity change accompanying channel gating as a primary
determinant for the large changes in the enthalpy and entropy
of channel gating and thus the overall temperature dependence
of ion channel activity. However, measuring DCP of channel
gating of the natively temperature-sensitive channels (e.g., ther-
moTRPs) has been an enormous challenge because of two
fundamental reasons. First, an accurate estimate of DG of
gating, at different temperatures, necessarily requires experi-
mental measurements of either the conjugate displacements
associated with a stimulus or heat exchange during gating,
both of which are nontrivial. Second, accurate DG estimates
need to be obtained at temperatures close to TC (the tempera-
ture at which the DG versus T profile is at maximum or minimum)
because, further away from TC, DG versus T profiles become
quasilinear and DCP cannot be accurately calculated. To date,
nonmonotonicity of DG versus T curves have not been observed
that would suggest that the TC is likely to be outside the experi-
mentally accessible temperature range.
To test the role ofDCP on temperature-dependent gating of ion
channel, we have developed a model system that allows us to
modulate the DCP associated with the gating process in a some-
what well-defined manner and test its effects on channel gating.
Our approach exploits the prior knowledge that DCP of solvation
of polar and nonpolar residues are opposite in sign, and during
voltage-dependent activation, certain regions of the Shaker po-
tassium channel undergo changes in water accessibility (Fig-
ure 6). We identify multiple positions on voltage-sensing domain
at which perturbations introduce large temperature-dependent
shifts on the channel activation curves, in a polarity correlated
fashion. It is clear, however, that in some instances, tempera-
ture-dependent effects on gating do not parallel polarity, and
this might be due to multiple reasons. First, POV (or conduc-
tance-voltage) curves do not reflect the full energetics of channel
activation of multistate systems (Chowdhury and Chanda, 2012,
2013) and may not accurately recapitulate temperature-depen-
dent changes in free-energy. Second, the substituted side-
chains may become partially solvent accessible, which would
reduce their contribution to DCP of solvation. Third, the proper-
ties of the water molecules in the crevices may be different
from that of the bulk water (Franzese and Rubi, 2008), which
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Figure 5. Influence of Voltage-Sensing Charges on Temperature
Sensitivity
(A) Relative POV curves of R368N (triangles) and R368A (circles) at 28
C (red)
and 8C (blue).
(B) Relative POV curves of R371Q (triangles) and R371A (circles) at 28
C (red)
and 8C (blue) (see also Figure S4).
(C–F) Relative POV curves of a temperature sensitizing mutant (Y323I, C and D;
S2mid, E; and Y323Q, F) in the background of a charge neutralizing mutant
(R368N, C; R371Q, D–F). In each case the inset shows the temperature
induced DVM for the charge neutralizing mutant in red, the temperature
sensitizing mutant in yellow, and the combination mutant in orange.
(G) DVM for each of the temperature sensitizing mutants (Y323I, S2mid, and
Y323Q) in the background of a gating charge neutralization mutant (R368N,
blue circle, or R371Q, red circles) plotted against DVM for each of the tem-
perature sensitizing mutants (Y323I, S2mid, and Y323Q) in the background of
the native channel. The dotted line represents the regression line through the
points, which has a slope of 2.06 ± 0.2.
Figure 6. State-Dependent Change in Solvation Is a Possible
Mechanism of Temperature-Dependent Gating
The illustrations (top) and (bottom) depict the voltage sensors in resting and
activated conformations. Voltage-dependent change in the VSD is associated
with a change in solvation of a residue. When the residue is polar (top), acti-
vation will be conferred a negative DCP (indicated by the blue halo around the
hydration shell) and when the residue is nonpolar (bottom), activation will be
conferred a positive DCP (indicated by the red halo around the hydration shell).
The opposite signs of DCP in the two cases will lead to one of them (top) being
heat sensitive and the other (bottom) being cold sensitive.could result in anomalous heat capacity changes. Finally, we
also have to take into account that the pKa of titratable side-
chains can be significantly dependent on their local environ-
ments. Despite these caveats, our results show that relatively
few mutations (one to seven per subunit) can profoundly alter
the temperature sensing phenotype of the channel (as exhibited
by the Y323I, S2Bot, Y323I-S2mid, and Y323I-M6 mutants)
implying that large conformational changes in the protein is not
a prerequisite for strong temperature-dependent gating.
Our experiments also shed light on the major influence of
voltage-sensing charges on temperature dependence of POV
curves. Although an inverse relationship between voltage and
temperature sensitivity of a channel has been proposed earlier
in the context of TRP channels (Latorre et al., 2007; Voets
et al., 2004), direct experimental evidence in support of such a
hypothesis has been lacking, in part due to the uncertainty
regarding the identity of gating charges in the thermoTRPs. How-
ever, the charge carrying residues in the Shaker KV channel are(H) Simulated VM versus temperature profile for a cold-sensitive process
(DCP > 0, top) and a heat-sensitive process (DCP < 0, bottom), deduced using
the equation: VM(T) = {DHC + DCP(TTC)  TDCPln(T/TC)}/z. In each case,
dotted curves indicate the profiles for a process with low-voltage sensitivity
and solid curves represent a process with high-voltage sensitivity. Colored
arrows indicate the change in VM due to change in temperature. All mea-
surements reflect mean responses from 3-7 oocytes and error bars are the
standard error of the mean.
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well known and that enables us to directly test this hypothesis.
Gating-charge neutralizations in the wild-type channels do not
exhibit temperature-sensitive responses, whereas when intro-
duced in the background of heat- or cold-sensitized mutants,
the resultant mutants exhibit substantially enhanced tempera-
ture sensitivity highlighting the crucial but indirect role of charges
on temperature gating.
In conclusion, through the characterization of the relative
open-probability versus voltage relationships of several targeted
mutants of the Shaker KV channel, at two different temperatures,
we have elucidated a fundamental physical principle underlying
temperature modulation of voltage-dependent gating. The idea
that relatively modest conformational changes that lead to
change in solvation of residues can massively enhance the tem-
perature sensitivity of the channel is important as it illustrates
the structural generality of temperature-dependent gating. This
is a crucial point as traditional voltage- and ligand-gated ion
channels harbor specialized structural domains that serve as
sensors. Temperature-dependent gating of naturally heat- or
cold-sensing ion channels could thus arise out of small confor-
mational changes occurring in different parts, leading to large
overall heat capacity changes. Consistent with such a proposi-
tion, perturbations at different locations of the TRPV1 channel
have been shown to alter its temperature-dependent gating.
Our findings illustrate an alternate mechanism wherein tempera-
ture sensitivity is conferred by multiple temperature-sensing mi-
crodomains distributed over the whole channel, rather than a
distinct temperature-sensing domain.
EXPERIMENTAL PROCEDURES
Identification of Polar Buried Residues in the VSD
The residue-specific solvent accessible surface area of the VSD of KV 1.2/2.1
paddle-chimera structure (PDB-ID: 2R9R, residues 159–310) was computed
using VMD (Humphrey et al., 1996) and normalized using standard surface
area of each amino acid residue (probe radius 1.4 A˚). For the polarity conser-
vation index (PCI) calculation, a multiple sequence alignment of 360 KV
channel homologs (Lee et al., 2009) was used to compute the gap-corrected
position specific frequency of each amino acid (a) and each position of the
alignment (i), f
ðaÞ
i (gap-correction normalizes the raw frequency scores at
each position of the alignment with 1 f ðgapÞi ). This was subsequently used
to compute the polarity conservation index (PCI) of each site as:
P
ðaÞhðaÞf
ðaÞ
i ,
where the summation is over all 20 amino acids and h(a) indicates the hydro-
phobicity score of the amino acid (a) (according to the the Hessa von-Heijne
(H-vH) scale (Hessa et al., 2005)).
Molecular Biology and Electrophysiology
All mutations were introduced in the background of the Shaker inactivation
removed construct in the pBSTA vector using PCR-based mutagenesis and
confirmed by sequencing. Linearized cDNA was in vitro transcribed with T7
polymerase using the mMessage mMachine transcription kit (Ambion).
In vitro transcribed cRNA was injected in de-vitellinated Xenopus laevis oo-
cytes (110 ng) and currents were measured 12–48 hr postinjection on a
cut-open oocyte voltage clamp (COVC) set up (CA-1B; Dagan Corporation).
The recording temperature was controlled and altered using a Peltier device,
fitted onto the COVC recording chamber. For all electrophysiological record-
ings, the internal solution used was 105 mM KMeS, 20 mM HEPES,
2 mM EGTA (pH: 7.2) and the external solution was either 105 mM KMeS,
20 mM HEPES, 2 mM Ca(OH)2 (pH 7.2), or 10 mM KMeS/95 mM NMG-MeS,
20 mMHEPES, 2 mMCa(OH)2 (pH 7.2). In all experiments, the holding voltage
was 120 mV and currents were elicited by depolarization pulses, 50–500 ms
long, in 5 mV increments (unless otherwise mentioned). P/-4 leak subtraction1156 Cell 158, 1148–1158, August 28, 2014 ª2014 Elsevier Inc.protocol was used to remove linear leak/capacitive currents. Analog signals
were sampled at 20–250 kHz with a Digidata 1440 interface (Molecular
Devices) and low-pass filtered at 10 kHz. Peak tail currents (at 120 mV)
were used to generate the relative open-probability versus voltage curves,
from which the median voltage of channel opening, VM, was extracted by
measuring the area between the curve and the ordinate axis as described
earlier (Chowdhury andChanda, 2012, 2013). For all mutants, unless otherwise
mentioned, the temperature-dependent shift in the VM was calculated as:
DVM = VM(28
C) – VM(8C). The standard error associated with DVM, denoted
as dDVM, was calculated as: O(dVM
2 (28C)+ dVM
2 (8C) ), where dVM is the
standard error associated with the VM at the respective temperature.
For the temperature ramp experiments, the temperature was initially held at
28C and ramped to 8C at a speed of 1C/15 s; the holding voltage
was 120 mV, and 100 ms depolarization pulses to 20 mV (close to the VM
of the wild-type Shaker KV channel) were applied every 1
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While this manuscript was in press, a study by Yang and Zheng (2014) was
published that reported several isoforms of the voltage-gated potassium
channels, including Shaker channel mutants, exhibit high intrinsic heat sensi-
tivity. This is different from the results of our experiments as well as those in
previous reports (Rodrı´guez et al., 1998; Gagnon and Bezanilla, 2010). We
are of the opinion that the criteria for temperature-sensitivity that we have
applied has greater discriminatory value and relevance, as will be elaborated
elsewhere.
Yang, F. and Zheng, J. (2014). High temperature sensitivity is intrinsic to
voltage-gated potassium channels. eLife 3, e03255.
